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EXPRESSI ON OF GLOBIN PROTEINS IN PLANTS 



1. INTRODUCTION 
The present invention relates to genetic-engineering of plants for enhanced 
5 oxygen assimilation and utilization. More particularly, this invention relates to 
producing transgenic plants engineered to express oxygen-binding proteins, 
particularly globins such as, for example, hemoglobin, myoglobin, and 
hemoproteins. The engineered plants may be used to achieve quicker germination, 
faster growing or maturing crops, higher crop yields and/or plants with higher 
10 levels of desired plant metabolites, particularly alkaloids. 

2. BACKGROUND OF THE INVENTION 
Genetic engineering of plants through transgenic approaches has rapidly 
become a diverse and promising field. Transformation techniques are applied both 
15 to study plant development and physiology, and in attempts to generate plants with 
advantageous agricultural properties. 

For example, much effort has focused on improving crop production by 
transforming plants with herbicide or pesticide resistance genes. When grown 
under field conditions, the resulting transgenic plants can tolerate and survive 
20 applications of herbicides or pesticides which would destroy non-transformed 
plants. Alternatively, plants themselves have been genetically engineered to 
express products which are shown to act as natural insecticides such as Bacillus 
rhuringensis toxin proteins (see U.S. Patent No. 5,380,831, issued Jan. 10, 1995). 
Genetic engineering has also been attempted to generate plants with altered 
25 compositions of primary metabolites such as starch, sugar, and oils. For example, 
a bacterial levan sucrase gene was transformed into plants to increase levels of 
fructans in the resulting transformant. In another approach, the activity of certain 
enzymes involved in the metabolic synthesis of oils has been decreased using 
antisense technology in order to design vegetable oils exhibiting the desired 
30 properties. (Reviewed in Knauf, 1995> Curr. Opin. Biotech. 6:365-70). 

In addition to attempts to alter primary metabolic compositions of plants 
(i.e. carbohydrates, oils, amino acids and proteins), it would also be desirable to 
alter secondary metabolite compositions. Secondary metabolites are those 
specialized plant products required by cells in small amounts hormones), or 
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level of dissolved oxygen. For instance, it has been demonstrated that a high 
dissolved oxygen concentration promotes the production of ajmalicine in 
Catharantus roseus batch cultures (Schaltmann, J.E. et aL , 1995, Biotech. 
Bioeng. 45:435-439). Similarly, increased alkaloid levels with increasing aeration 
5 have been observed in Berbcris wilsonae (Breuling, M. et aL, 1985, Plant Cell 
Rep. 4:220-223). From these results it has been suggested that oxygen is a 
limiting substrate in plant tissue culture secondary metabolism, as well as for 
primary metabolism, especially for industrial scale-up processes. However, this 
need for increased oxygen has always been thought to be a need for extracellular 

10 oxygen during fermentation batch processes. 

Aerobic metabolism has been successfully enhanced in fermentation 
microorganisms and cultured mammalian cells by engineering the host to express 
the Virreoscilla hemoglobin gene (VHb) (Khosla, C, Bailey, J.E., 1988, Nature 
331:633-635; Khosla, C, Bailey, J.E., 1988, Mol. Gen. Genet. 214 :158-161; 

15 DeModena, supra; Chen, W. et aL, 1994, BiotechnoK Prog. 10:308-313; Pendse, 
G.J. and Bailey, J.E., 1994, Biotechnol. Bioeng. 44: 1367-1 370>. This metabolic 
engineering strategy has been shown effective, for example, in increasing total cell 
protein synthesis by oxygen-limited Escherichia coli (Khosla, C. ei aL, 1990, 
Bio/Technology 8:849-853 and U.S. Patent No. 5,049,493, issued Sept. 17, 1991), 

20 improving lysine yield and titer in cultivations of Cotynehacrerium glut ami cum 
(Sander, F. et aL, 1994, Proc. 6th Eur. Congress Biotechnol. . Alberghina, L., 
Frontali, L. and Sensi, P. (eds.) Elsevier Science B.V., Amsterdam 607-610), and 
in increasing actinorhodin and cephalosporin C production in Strepromyces 
coelicolor and Acremonium chrysogenum, respectively (Magnolo, S.K. et aL, 

25 1991, Bio/Technolopv 9:473-476: DeModena, J.A. et aL, 1993, Bio/Technology 
11:926-929). 

Hemoglobin and globin-like proteins exist ubiquitously in mammals, and are 
less frequently found in plants. The few plant hemoglobin-like molecules 
described, which include lupin and soybean leghemoglobin, are largely thought to 
30 be associated with nitrogen-fixation activities of these plants, although some 
researchers claim that hemoglobin-like proteins occur in the roots of all plants. 
However, in no case have these proteins been overexpressed in plants. Although 
several major plant metabolic pathways are known to be oxygen-dependent, 
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proteins and polynucleotides. The host cells can be bacteria, plant, animal, fungi 
or algae. The invention also encompasses a method of generating polynucleotides 
encoding mutant Virreoscilla hemoglobin proteins. The method entails amplifying 
a polynucleotide that encodes Vitreoscilla hemoglobin protein using a low fidelity 
5 polymerase chain reaction, transforming the amplified polynucleotides into 

bacteria, and selecting bacteria that contain a polynucleotide sequence encoding the 
mutant Virreoscilla hemoglobin protein. In a preferred aspect of this method, 
bacterial colonies containing mutant Virreoscilla hemoglobin proteins are selected 
by virtue of their color phenotype. Polynucleotides encoding mutant Vitreoscilla 
10 hemoglobin proteins that are isolated by this method, as well as the mutant proteins 
themselves, and host cells containing such polynucleotides, are also within the 
scope of the present invention. 

4. BRIEF DESCRIPTION OF THE FIGURES 
15 Figure L FIG. 1A. The last steps in the Nicotiana wbaccum biosynthesis 

of the secondary metabolites nicotine and anabasine. The reaction catalyzed by 
nicotine synthase, the oxygen-dependent enzyme catalyzing the conversion of 
nicotinic acid and N-methyl-A'-pyrrolinium salt into nicotine, is labelled in bold. 
FIG. IB. Oxygen-dependent steps in chlorophyll and heme biosynthesis in plants. 
20 The last oxidation of chlorophyll a to chlorophyll b has only been observed in vitro 
(Scheer, H. <ed.), 1991, Chlorophylls CRC Press, Boca Raton, FL, USA 421- 
425). 

Figure 2. Construction of the Ti-expression vector containing the 
Vitreoscilla VHb gene using PCR. The gene was placed under control of the 

25 CaMV 35S promoter and transcription termination was achieved by the NOS 
region. The approximate positions of the PCR primers are indicated by solid 
arrows. Right and left border of the T-DNA are indicated by RB and LB, 
respectively. NOS-prom, NPT II and NOS are abbreviations for the nopaline 
synthase promoter, the neomycine phosphotransferase II gene, and the nopaline 

30 synthase 3' transcription termination region, respectively. 

Figure 3. Dried weight measurements at different time intervals are shown 
as mean values. Bars correspond to the standard error. The data from the first 
two time points (15 and 20 days) correspond to 12 plants but weighed in triplets, 
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subtilis hemoprotein, yeast flavohemoglobin, soybean leg hemoglobin, lupin 
leghemoglobin, and sperm whale myoglobin. In fact, an engineered increased 
expression of any endogenous plant hemoglobin is also within the scope of the 
invention. 

5 Particularly suitable for use in the present invention are those oxygen- 

binding proteins which have relatively high grates such as VHb (£^5600 s* J ; 
Orii and Webster, 1986, J. Biol. Chem. 261:3544-3547) or relatively low oxygen 
affinity such as horse heart myoglobin (K D 0.79 ^M; Wittenberg et ah, 1985, in 
Nitrogen fixation research progress . H.J. Evand etal. Eds. Martinus Nijhoff 

10 Publishers , Dordrecht, p. 354). Therefore, particularly preferred oxygen binding 
proteins may be those proteins with a k o£f rate for oxygen of greater than 10 s'\ or 
a K D less than 0.5 ^M, although it will be understood that oxygen-binding proteins 
with rate constants outside of these parameters will also be useful. Other examples 
of preferred oxygen-binding proteins are globins such as hemoglobin, myoglobin, 

15 and leghemoglobins. The properties of many oxygen-binding proteins, including 
globins, are disclosed in the literature. Additionally, techniques for determining 
the oxygen-binding properties of a protein such as a globin are well known to one 
of skill in the an and may be performed without undue experimentation, 

A particularly advantageous oxygen-binding protein for use in the instant 

20 invention, as described herein by way of working example, is Virreoscilla 

hemoglobin ("VHb"). The complete sequence of the VHb gene is described in 
U.S. Patent No. 5,049,493, supra. Mutants of VHb which bind oxygen are also 
within the scope of the present invention. As described more fully below by way 
of a working example, genes encoding functional mutants of VHb are generated 

25 through PCR mutagenesis, and then tested in a simple phenotypic screen for their 
ability to bind oxygen. Using these techniques, several VHb mutants have been 
obtained for use in the present invention. 

Also encompassed within the scope of the invention are any nucleotide 
sequence which hybridizes to the complement of the nucleotide sequence of the 

30 VHb gene under highly stringent conditions, e.g., hybridization to filter-bound 
DNA in 0.5 M NaHP0 4 , 7% sodium dodecyl sulfate (SDS), 1 mM EDTA at 
65°C, and washing in 0.1xSSC/0.1% SDS at 68°C (Ausutoel F.M. et ah, eds., 
1989, Current Protocols in Molecular Biology, Vol. I, Green Publishing 
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accomplished by transforming plants with nucleic acid constructs described herein. 
The transformed plants or their progenies are screened for plants that express the 
desired protein or exhibit the desired altered expression of the oxygen-binding 
protein, altered expression of the corresponding mRNA, altered secondary 

5 metabolite levels, increased growth rate, enhanced vegetative yield and/or 
increased germination rate. 

Engineered plants exhibiting the desired physiological and/or agronomic 
changes can be used in plant breeding or directly in agricultural production. These 
plants having one altered protein also may be crossed with other altered plants 

10 engineered with alterations in other pathways (e.g., cross an oxygen-binding 
expressing plant to a plant which has been otherwise genetically engineered) to 
produce lines with even further enhanced physiological and/or agronomic 
properties compared to the parents. 

The invention is illustrated by working examples of plants engineered for 

15 expression of Vitreoscilla hemoglobin (VHb). In all instances, engineered plants 
that exhibit expression also show better growth characteristics, increased rate of 
seed germination, improved vegetative yield and/or enhanced levels of secondary 
metabolites over control, wild-type plants. 

The invention is based, in part, on the surprising discovery that 

20 transformation of plants with oxygen-binding proteins provides several advantages. 
Plants were transformed with expression plasmids encoding an oxygen-binding 
protein in an attempt to develop plants with increased drought tolerance. As a 
model system, Nicoriana tabaccum (tobacco) was first chosen to be transformed 
with expression constructs encoding the oxygen-binding protein Virreoscilla 

25 hemoglobin (VHb). However, since there is an oxygen-dependent step in the 
nicotine biosynthesis pathway, the production of nicotine was examined. 

The VHb gene was introduced into Nicotiana tabaccum (tobacco) via 
Agrobacterium mediated gene transfer. Transcription and translation of the VHb 
gene and message were demonstrated by reverse transcriptase PCR and Western 

30 immunoblot analysis, respectively. Transgenic tobacco plants expressing VHb 
exhibited on average 34% greater nicotine content than wild-type controls. They 
also contained an altered distribution of nicotine relative to the less desirable 
alkaloid anabasine. Additional effects of VHb expression on the physiology of the 
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by virtue of their color phenotype; a red or pink color indicates that the bacteria 
express an oxygen-binding heme protein. Polynucleotides encoding mutant 
Virreoscilla hemoglobin proteins that are isolated by this method, as well as the 
mutant proteins themselves, and host cells containing such polynucleotides, are 
5 within the scope of the present invention. The host cells can be bacteria, plant, 
animal, fungi or algae. Such mutant Virreoscilla hemoglobin proteins are useful in 
any number of applications for which wild-type Vitreoscilla hemoglobin proteins 
are advantageous, including but not limited to increasing cell growth and increasing 
cell production. 

10 

5.1. PRODUCTION OF TRANSGENIC PLANTS 
According to the present invention, a desirable plant or plant cell may be 
obtained by transforming a plant cell with the nucleic acid encoding an oxygen- 
binding protein, particularly a globin, and in one embodiment VHb, as described 
15 herein. In some instances, it may be desirable to engineer a plant with several 

different gene constructs. Such engineering may be accomplished by transforming 
a plant or plant cell with all of the desired gene constructs simultaneously. 
Alternatively, the engineering may be carried out sequentially. That is, 
transforming with one gene construct, obtaining the desired transformant after 
20 selection and screening, transforming the transformant with a second gene 
construct, and so on. 

In an embodiment of the present invention, Agrobacterium is employed to 
introduce the gene constructs into plants. Such transformations preferably use 
binary Agrobacterium T-DNA vectors (Bevan, 1984, Nuc. Acid Res. 12:8711- 
25 8721), and the co-cultivation procedure (Horsch et al., 1985, Science 227:1229- 
1231). Generally, the Agrobacterium transformation system is used to engineer 
dicotyledonous plants (Bevan et ah, 1982, Ann. Rev. Genet. 16:357-384; Rogers 
et aL, 1986, Methods Enzymol. U8:627-641) The Agrobacterium transformation 
system may also be used to transform, as well as transfer, DNA to 
30 monocotyledonous plants and plant cells {see Hernalsteen et al., 1984, EMBO J. 
3:3039-3041; Hooykass-Van Slogteren et al., 1984, Nature 31 1 :763-764: Grimsley 
et al., 1987, Nature 325 :1677-179: Boulton et ah, 1989, Plant Mol. Biol. 12 :31- 
40; Gould et al., 1991, Plant Phvsioi. 95 :426-434^. 



WO 98/12913 

PCT/US97/I7246 

. 12 

In other embodiments, various aHentative methods for mtroducing 
recomotnan, „uc,eic aci , ^ ^ ^ ^ ^ ^ 

T se .her method, are pani^y usefu, where the tat^e, is a monocoty, J _ 
p,a„. Alternate gene transfer and transformation methods include, out are no 
5 „m, ed ,„, proloplast transformation caidum no. 

EMBQXi27n-2722, Potrykus e, a,., ,985. Mal^s,^^ ' 
Fromm el «!., 1985, £mcJSa!LuaS2dJalISA 82-5S*, «•>. c- 
^ ^^^^^^ 

■0 EbnLCtlLl: 1495-1 J05); Addioona, methods for p,a„, ce„ Wor, , „' ,Zde 
m, ro.^ectton siltcon ^ ^ DNA ^ ■** 

^LE_ 2 :4.5-4,S, aod micropro^ue bombardment to K.ctn e. a, 

toJl-L^JdJ^oo,^,,,. Gordoa-Kamm e, al ,990 
Plant Cell 2:603-618), nai.. jsso, 

>5 Accordiag to the present i„ uenlion , , wMe of 

hereto „s,„ 6 „ U c,e,c acid c „ ^ oxyge „ « 
vartous ^formation method, menttoned above. Tar g e, p,an,s for e„ g J 1 
tncude, bu, are no, limited to, those of tobacco, fw„, maiae. whea, „7 
20 ' 0ma, °' CarrOK ' Pea " Ut - ■ -"owe,, yam 

a,fa fa, potato, cassava, swee, p„ Bl0 , Iettuce , * 
app,e, peach, pear, p,„m, orange, lemon), „„, , rees <,,, walnu[ , J^^ZL 
peanut, strawberry, cauliflower, anichoke, cucumber, me,o„, 8rap e pept ' 

15 CabbaEe ; ,Mk - —» • a~, radish, bea! and pea 

According ro the present invention, dcstrcd plants may be obtamed by 
engtneenng the gene ^ ^ ^ 

toc udtng bu, no, Hmited to, pro,op,as,s, tissue cuhure ce„s, Ussue and orga T' 
explams pollea, embryos as we,, as who,e p,a„t, ,„ „ embodime „, of £ 
0 present ,„ve„„oa, the engtacered p,a„, materta, is selected or screened for 

transformants ( ,c„ those tha, have iucorporated or Inl eg rale d the imroduced ge „ e 
ens rue,,,) fo „ 0 wi„g ,he approaches and methods descrtbed beiow. An JZ 
transforman, may then be re g encra,ed into a p,a„,. Ahernativdy, the e„ g i„eerL 



WO 98/12913 




PCT7US97/17246 



plant material may be regenerated into a plant, or plantlet, before subjecting the 
derived plant, or plantlet, to selection or screening for the marker gene traits. 
Procedures for regenerating plants from plant cells, tissues or organs, either before 
or after selecting or screening for marker gene(s), are well known to those skilled 
5 in the an. 

A transformed plant cell, callus, tissue or plant may be identified and 
isolated by selecting or screening the engineered plant material for traits encoded 
by the marker genes present on the transforming DNA. For instance, selection 
may be performed by growing the engineered plant material on media containing 

10 inhibitory amounts of the antibiotic or herbicide to which the transforming marker 
gene construct confers resistance. Further, transformed plants and plant cells may 
also be identified by screening for the activities of any visible marker genes (e.g., 
the B-glucuronidase, luciferase, B or CI genes) that may be present on the 
recombinant nucleic acid constructs of the present invention. Such selection and 

15 screening methodologies are well known to those skilled in the art. 

Physical and biochemical methods may also be used to identify a plant or 
plant cell transformant containing the gene constructs of the present invention. 
These methods include but are not limited to: 1) Southern analysis or PCR 
amplification for detecting and determining the structure of the recombinant DNA 

20 insert; 2) northern blot, S-l RNase protection, primer-extension or reverse 

transcriptase-PCR amplification for detecting and examining RNA transcripts of the 
gene constructs; 3) enzymatic assays for detecting enzyme or ribozyme activity, 
where such gene products are encoded by the gene construct; 4) protein gel 
electrophoresis, western blot techniques, immunoprecipitation^ or enzyrne^linked 

25 immunoassays, where the gene construct products are proteins; 5) biochemical 
measurements of compounds produced as a consequence of the expression of the 
introduced gene constructs. Additional techniques, such as in situ hybridization, 
enzyme staining, and immunostaining, may also be used to detect the presence or 
expression of the recombinant construct in specific plant organs and tissues. The 

30 methods for doing all these assays are well known to those skilled in the art. 
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proteins '^"imBIMnif is 

In accordance with the presen, invention, , plam lha , expreSMs 
recombinant oxygen-hinding pr01ein Ee „ e may be ^ 
P,a„, ce„ w,«t a g e„e construe, comprising . plam „_ ^ 
w„h a s« encoding oxyge„- b ,„di„ g pro|em 
here. ,o taean thal transcription amM „ y ^ 

produce a f„„c,,ona, messenger RNA, whose transition wou,d produce ,he 
enzyme.) The plam promoter may he constitutive or inducibie. Usefu, constitutive 
promoters tncU.de, bul are nM lim , ted , o , he CaMy promMe ~- 

mannopme syn.he.ase promos, a „d their various derivative, Usefu, inducib.e 
promos tnCude hu, are no. , im i,ed to ,he promo,ers of ri b u,ose hisphosp Z 

ECneS ' Ch,0r °^" ■* ^ P«— <CAB, genes hea, 
shoe* genes, ,he defense responsive gene (e.g., phe„y,a,a„ine a mm0 aia ly 2' 
genes), wound induced genes (e.g., hydroxyzine rich ceil wa.1 protein genes, 
c em.caHy-tnducihic genes (e.g., „ tele r£duclase ge „ es , ^ «"»>• 
cut.tnase gene, PR., genes ^ • 

gene (Coruzz, and Txai, U.S. Patent 5,256,558, October 26, ,993 Gene Bacon 
Pian, Asparagine Syntheurse, ,o name jus. a few 

>n ye, a„o.her embodimen, of .he present invention, i t may be advantageous 
o tran ,orm a p,a„, with a gene construe, operah.y ,i nking a modified or 
protnoter to a science encoding oxygen-hinding pro.e.n. r.picai.y, such 
promoters, constructed hy recomhining structura, events o f different promoters 
have u„, q „e expression patterns and/or ,eve,s no, found in „3,ura, promoters 2 
e. g . Sauna eta,. BRauu^,,, ^ 
promoter, constructed from com b i„i„ g c,s-regu,a,ory e,emetx, s with a promoter 



30 



la a preferred emhodimen, of the presen, invention, the associate, promoter 
- a s,ro„ g and/or emhryo-specinc p,a„, p ro m„,er such ,ha, th e oxygen-hind™ 
protetn ,s overexposed ,„ the ,ran sg e„,c p,a„t. Add ,„o„a„ y , parliar probers 
may h used to d.ree, .issue specific expression of the oxygohinding protem " 
examp.e, root-specif.c expression of an oxy g e„-hin d i„ g protein may /engineer* 
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Further, recombinant expression of an oxygen-binding protein may be 
directed to specific cellular compartments. One of skill in the art may direct 
expression of the oxygen-binding protein intracellular^ . to the chloroplasts, or to 
the mitochondria, to give just a few examples. 
5 In yet another preferred embodiment of the present invention, the 

overexpression of oxygen-binding protein in plants may be engineered by 
increasing the copy number of the oxygen-binding protein gene. One approach to 
producing such transgenic plants is to transform with nucleic acid constructs that 
contain multiple copies of a plant expression construct directing the expression of 
10 an oxygen-binding protein gene (i.e. operatively linked to a plant promoter). 

Another approach is to repeatedly transform successive generations of a plant line 
with one or more copies of the plant expression construct. Yet another approach 
is to place an oxygen-binding protein expression construct in a nucleic acid 
construct containing an amplification-selectable marker (ASM) gene such as the 
15 glutamine synthetase or dihydrofolate reductase gene. Cells transformed with such 
constructs are subjected to culturing regimes that select cell lines with increased 
copies of the oxygen-binding protein gene. See Donn et al., 1984, J. Mol. App l. 
Genet. 2 :549-562. for a selection protocol used to isolate of a plant cell line 
containing amplified copies of the GS gene. Because the desired gene is closely 
20 linked to the ASM, cell lines that amplified the ASM gene are also likely to have 
amplified the desired oxygen-binding protein gene. Cell lines with amplified 
copies of the oxygen-binding protein gene can then be regenerated into transgenic 
plants. 

25 5.1.2. SCREENING OF TRANSFORMED PLANTS FOR 

THOSE HAVING DESIRED ALTERED TRAITS 

It will be recognized by those skilled in the art that in order to obtain 

transgenic plants having the desired engineered traits, screening of transformed 

plants (i.e., those having an gene construct of the invention) having those traits 

30 may be required. For example, where the plants have been engineered for 

overexpression of an oxygen-binding protein gene, transformed plants are 

examined for those expressing the oxygen-binding protein gene at the desired level 

and in the desired tissues and developmental stages. The plants exhibiting the 
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PhyS 't° giCal ChangCS ' '•*- «»-*** » ~ ... may .hen 
be subsidy screened for , hose planB , hat 

. ,he plan. ,eve, <e.g. , increased cblorophy|1> bem£ ^ ^ ^ «- 

biosynthesis, increased fatty acid drahmtin. 

y acia ^saturation, or increased levels of 

5 ««»»««■"■ «* « glycine betaina which requires oxygen for fa 
biosyn.hesis). The same principle appHes «o ob,ai„i„ g Ira „ sgenic plams 
„ssue-s P ec,„c expression of a he.ero.ogous gene by ,he use of a nssue specific 
promoter driven expression construct. 

AUernauvely, ,he (ransformea p,an,s m ay be diredy screened for .hose 

e for ,he color of the ,ra nsformed p,a„,s. ,„ olher embMmem Kre J J f 
•he transformed p,an,s may be for .mproved agronomic char.c.eris,ics (e.g.. , I J 
grow.h, grea,er vegeb.five or reproductive yie,ds, or unproved P ro,e,„ con, „, s 
e,c,, as compared ,o unengineered progenia P ,a„,s. .hen culLed under 
.5 var,o„s growm condiuons (e.g., ^ or media 
nutrients, water content, and/or sal, content). 

According ,o ,he presen, inven.ion, plants engineered wi,h oxygen-binding 
protetn express.on c_s, parocuiariy hemog.obin. nly exhibi 

.mproved vigorous growth characteristics, increased ieveis of chiorophy,, and of 
20 secondary plant metaboli.es, particularly alkaloids. 

Engineered plants and plan, ,i„es possessing such improved aeronomic 

tz n may be idemif,ed by examimns any ° r foii ° wi ^ — - » 

ra,e o grow,b, measured in ,er ms of ra,e of increase in fresh or dry weigb, or 
ra,e of « in heigh,; 2) vegca.ive y ie,d of (he mature pIa n(, LI o'f fresh 
■5 or dry wcgnr; 3, ,he ra,e of germi„a„o„ ; a> ,he level of chlorophyll conten, « he 
eve, of a secondary moaboli* of Imerea,, such as nicoone, scopolamine 
hyoscyamme; and 6) ,he color of ,he plan, The procedures and mchods for 
examm.ng ,hese paramcers arc we,, known ,o chosc skilled in (he m 

According ,o the present inven.ion, a desired plan, is „„e ,ha, exhibits 
U improvement over the control olant // • 

Plam (le ' ' P r °8enuor plant) in one or more of the 

:~ - - ■ — P , a „. „ ^ ^ sho : 

lea , 5% m over lhe contro| p|am , n ^ ^ ^ paramHer h 
embod,men., a desired p,am is one ,ha, shows a. leas. 20% .ncrease over .he 
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control plant in at least one parameter. Most preferred is a plant that shows at 
least 50% increase in at least one parameter. 

6. EXAMPLE: EXPRESSION OF VITREOSCTLLA HEMOGLOBIN 
5 IN TOBACCO 

An extensively investigated plant alkaloid is nicotine, the principal alkaloid 
found in tobacco (Nicotiana tabaccum). The biosynthetic pathways for the tobacco 
alkaloids have become accepted but regulation of this pathway is not yet fully 
10 understood, and all of its enzymes are not characterized (Bush, L.P., 1981, Recent 
Adv. Toh. Sci. 7:75-106). However, the activity of the final enzyme in nicotine 
biosynthesis, nicotine synthase, which catalyzes the formation of (s)-nicotine from 
nicotinic acid and N-methyl-A'-pyrrolinium chloride, has proven to be oxygen- 
dependent (Figure 1) (Friesen, J.B. and Leete, E., 1990, Tetrahedron Lett. 
15 21:6295-6298), and the competing pathway from nicotinic acid and H-methyl-A*- 
pyrrolinium chloride to anabasine is not, so far as is known, stimulated by oxygen. 
Thus, this system was chosen as a first experiment to investigate the effects of 
increasing oxygen availability by providing oxygen-binding proteins to the plant. 
In this example, tobacco was transformed with a VHb expression vector via 
20 Agrobacterium mediated gene transfer. Subsequent assays were performed to 

determine: (i) if the VHb gene was correctly transcribed and translated in tobacco, 
(ii) the response of nicotine and anabasine accumulation to VHb expression, and, 
based on other features observed for the VHb-expressing transgenic plants, (iii) 
chlorophyll content and growth rate of VHb containing plants. 

25 

6, 1 . Experimental protocol 
Recombinant DNA techniques and bacterial strains 

Plasmid procedures were performed according to the methods described in 
Sambrook, J. et a/. , 1990, Molecular cloning. A laboratory manual . Cold Spring 
30 Harbor, NY, Cold Spring Harbor Laboratory Press, and PCR was performed using 
standard protocols (Saiki, supra), Escherichia coli strain TGI 
(F 'traD36lacl9&flacZ]M15proA ^B^/supEPisdM-mcrBf5/r K -m K -McrB-/rhiflaC' 
proABJI lac-pro [) was cultivated and transformed, using standard techniques 
(Sambrook, J., supra). Restriction enzymes were used according to the suppliers' 
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recommendations (GIBCO RRI r \ 

LBA 4404 ™ m „ L**"*")- ^•™»4C«™ TO , U m c/o c,e„ s.rain 

LBA 4404 (Wa.den, R. «, 1990 , ^ ^ was 

med.un, „ryp,c„e ,0 8 /,, y eas, ex.rac, W . NaC, ,0 8 /„ ancd .reformed 

a.d of E .co„ HB ,o,, harboring conjugate p ,asmid pRK 2 O i3 (Figurski D * "* 

Extraction of genomic tobacco DNA for Prp a „,K 

. j- . WA ,or PCR ana, y s,s wa * performed as described 

by Edwards, K. et ai, 1991, Nu^^Re^ 1 q :13 49). 
DNA -constructing 

sequence 5'- GCA AAC AGO ATC CCG CGT CTA GAG O V) was <" 
con^ememary .0 a reg.on upslream of |he , ranscriptiM inU . ai . on codo „ 

~„ en 2y me s „ es , lhe 3. pfiroer H2 (with s ,_ " g 

GCG G " °AA TGA GCT CCC AAA G - V) was 
*° COdi " 6 reBi °" ° f «* V "b iene u P s,ream of ,he slop codo „. 
pnmers were synced a, U,e Biomo,ecu,ar Uni,, Lund Universi.y The S10D ' 
codon was aiso aitereo, using PCR mediated mutagenesis, from TAA ,0 TGA 
wn.cn a,™ , reque „ Uy used s[op ^ . n iobacco ^ ^ ^ • 

fragmen, was insened in,o P UC,9 which was subsequent , ra „s,ormed inua B 
«*. Baceria expressing ,he VHb gene exhibi, a red ,i„, when „ One of 
■he es, expressing E. coU Cones. pU H4. was chosen for further experiment To 
venfy iha, «,e Coned PCR fragmen, of ,he VHb gene expressed a funciona, ' i 
pro,e,n, d.fference spearum anaiysis was used (Webster. D.A. and Liu C Y 
■974, a4O:4 25 7-4 26 0,. Aaaiys.s „, lhe co 

T" K T haib ° rm8 PUW • P— Peaic a, 4.9 nm which 

• eharacerrsnc for ,he VHb achvi.y (UIiu , supm) , ^ VHb * 

cieavee on, wUh *«, and aaef and ,iga,ed i„,„ pla s ra id p Bin n, 2 

R.A., 1987, Plant. Mnl r;»i p rn c.^,^, . 

Ke P - ^.387-405) givmg pBH4 {Figure 2) 

Plant material c / ' 

*co,iana,a hm «. plams wcr£ exposeQ , 6 „ ^ ^ 

*e P , m sod or ,„ s ,eri,e jars on MS-media fMurash.ge. T. and S t oog, F ,96, 

ItemLJlam 15.473-497). The, obaceopiams were, ransformed by " 
4 Sroto „e rt ™-med, aK d gene .ransfer as described by Rogers, S.G. and Fraiey 
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R.T., 1986, Methods Enzvmol. 118:627-684. Stable heterozygous transformants 
of the F, generation were used in all plant experiments. 
Transcription analysis using RT-PCR 

Polyadenylated mRNA was isolated from 100 mg leaf material using 
5 oligo(dT)-cellulose as in the Pharmacia Quick Prep™ manual. The VHb gene 
transcript was amplified by rTth DNA polymerase and the primers according to the 
instructions given by Perkin Elmer. 
Western immunoblot analysis 

Protein extracts of two transgenic tobacco lines and a wild-type control 

10 were prepared as follows: One gram leaf and stem material was homogenized in 
0.1 M sodium phosphate, 5 mM DTT and 5 mM EDTA buffer at pH 7.5. The 
homogenates were centrifuged in 1.5 mL test tubes at 12,000 rpm for 15 min; the 
protein-containing supernatants were decanted and used for further studies. The 
proteins were separated on 15 % SDS-PAGE gels and blotted onto Immobilon P 

15 nylon membranes supplied by Millipore. The electrophoreses and blotting were 
performed as described by Laemmli (Laemmli, U.K., 1970, Nature 277:680-685) 
and Sambrook, supra, respectively. The VHb monomers were detected by VHb 
antiserum generated in rabbit, and visualized by peroxidase conjugated swine anti- 
rabbit immunoglobulins (Dako). 

20 Alkaloid analysis 

Transgenic tobacco and wild-type plants were analyzed for their nicotine and 
anabasine levels. The plants were grown for 30 days on MS medium, then 
harvested and homogenized in approximately 40 mL 0. 1 M Tris-HCl buffer pH 
9.0, centrifuged and stored at -70°C. The nicotine and anabasine concentrations 

25 were determined using capillary column gas chromatography as described by 
Curvall el aL , 1982, J. Chrom. 232:283-293. 
Chlorophyll assay 

Leaf material from three-week old seedlings was homogenized in 1.5 ml 
tubes and the chlorophyll was extracted with ice-cold 80% acetone. The debris 
30 was removed and the supernatants were collected. The absorbance of the 

chlorophyll extracts were monitored at 645 and 633 nm. The absorbencies were 
normalized to the amount of plant material used in each extraction. The amounts 
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of chlorophyll- A and B were calculated as described by Arnon D I ,Q 4 o PI t 
Physiol. 24:1-15, ' D1 " 1949 > £1^01 

6.2. Results 

5 Preparation of Trans^nir T^w^ 

2> "^7" *" °' »* VHb * I**. (Figure 

PCR 7 fr ° m SeVera ' t0baCC ° tranSf °~ ~ ^,ed - analysed 
by PGR to determine if the VHb gene was inserted into the genome 

Approximately 90 % of the analyzed plants were positive. Poly A+ mRNA was 
10 isolated from plan, leaves of twn r>r-t> • ™ 
He4 and . n, PCR-posi.ive transgenic plan, lines. He3 and 

He4, and a w,,d,ype con.ro. Hne. Two polynucleotide pnmers. H] and H2 (S ee 

airr; pro,oco ' ) ' were used in a reve ™ °— *- - 

mpbfy a d detect the tnRNA transcript of me VHb gene. Both transgenic tobacco 
lines exhibited a full-len«h rah ™dk,a . 'ooacco 

lull length VHb mRNA transcript which corresponded well to the 
15 theoretical size of 460 base pairs. 

Expression of VHb protein in , 0D acco could easily be detected by Western 
tntmunoblo, analysis on leaf and stem protein exnacts. A ,5.7 KDa prcln .hT 
croas-reacted with a VHb annsemm was present ,„ both lianagenic J£T, £ 
bu, absent ,„ tbe wild-typc con.ro,. The ieve, of VHb expression using .he 
20 CaMV p_ of p Bil21:2 is approximaKly Q , , Qf toB1 * 
he presence of several cyochromes ,„ tobacco precluded the use of the CO 
binding assay fo, VHb ac,ivi,y (Saiki. a „/.. 1988 , ^ aj^,,, 
improved overall ornwih ip , n - 1rrnjr Ui|ui _ u 

Transgenic tobacco seeds of , wo .ransgenic lines. He3 and He4, from the 
25 ^8— „a„dawi,d-,ypec„„ trolwereE e rm i na ,e, jnsoiIandtheir 

development was followed visually a„ d by testing p , ams „ regu , ar inte „^ 
Germ,n a „o„ was markedly acce,eta,ed in plants transformed wi.h VKb-expre^s „„ 

Z7T r°T y in ,he 1,nc He4 - - ta in ~oL7 

Plants. An^ysis showe. ,h a , ,he germina.ion .ime for ,he .reformed plams was 
30 pp_,y 3-4 days compared ,„ „ days for w „ d , yp£ ^ AdditionaHy 
he grow.h ra.es a nd flna, yields were higher in the iransgenic plants (Pigure 3) 
For instance, .he dned weigh.s were enhanced by 80 to ,00* after 35 days of 
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growth. Furthermore, the period between germination and flowering of the 
transgenic plants was reduced by 3-5 days compared to wild-type. 
Alkaloid analysis of the VHb-expressinp transgenic tobacco Extracts of two 
VHb-expressing transgenic tobacco plant lines, He3 and He4, and a wild-type 

5 control were analyzed for nicotine and anabasine content by gas chromatography 
(Figure 4). Compared with the wild-type, the transgenic plaints (He3) were 
holding on average 34% higher ratio of nicotine corresponding to 108 /ig/g dry 
weight. At the same time, the anabasine levels decreased substantially in the VHb- 
expressing transgenic plants. The highest yielding individual transgenic tobacco 

10 plant had 130 /ig/g dry weight of nicotine which is very similar to the highest 

nicotine content in tobacco given in the literature (Sheen, S.J., 1988, J. Food Sci. 

53: 1572-1573), 140 jxg/g dry weight. 

Chlorophyll content of VHb-expressing transgenic tobacco 

Visual observation of VHb-expressing tobacco transgenes indicated that 

15 many of these plants appeared more green than wild-type control plants. As 
depicted in Figure IB, several steps in chlorophyll and heme biosynthesis are 
oxygen dependent. Therefore, chlorophyll and growth rate assays were conducted 
on several Fl generation plants obtained from wild-type tobacco and from the VHb- 
expressing clones designated He3 and He4. Assays of chlorophyll content showed 

20 small but significant increases in chlorophyll content particularly in the He4 plants 
(Figure 5). These plants also grew about 20-40% faster than the wild-type as 
determined by height. Differences in growth rate between transgenic and wild- 
type plants were not observed when these plants were grown in an atmosphere with 
reduced oxygen. 

6.3. Discussion 

Engineering VHb expression in tobacco plants influenced nicotine (and 
anabasine) production, but indications of more global effects of VHb expression 
began with the observation that young transgenic plants exhibit a darker green 
30 shade of color than do wild-type plants. Subsequent measurements of chlorophyll 
levels revealed 10-20% increased levels in the He3 plants which also corresponded 
20-40% increased growth rates as determined by plant heights. Cloning of VHb in 
tobacco affected the He3 and He4 plants somewhat differently. Enhanced levels of 
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^**«-« a™ ng cones are common. panicularly whe „ ^ ^ 

One hypothesis to expiain this dramatic shift in nicotine and anabasine 
produce , n VKb-exp^mg , ranssenic tobacc0 ^ . ^ ^ 

VHb .nc^ses ,he oxygen avaiiabUity, which i„ tU rn signify affects 

° f SeC °" dary melab ° ,ite ■» *" ^cco plan, 

Attentively, ,hcse shifts in secondary _e production in V„b-ex P re ss ,„g 
ranges may resuh from other me-abotic effects of VHb such as an increase „ 
.0 he ATP S y„ lhesis rale and/or mcrabra „ £ mergy a 

•he ce„ m.gh, lead to the lroprovemem of many mmboik funajons 
increased nicotine production. 

■ Hyoscy ami „e M d soopotamine are ,r 0pa ne avoids produced by plaMs . 

yoscyanr.no is ,he ievorou.ory com„one„, of racemic atropine. ArropL ' 
hyoscy.mme, M d scopo lam i ne a ffec a. par asympa,hetic nervous system and 
exh.br, . w,de range of pharmaceutic* activity. ,„ medicine lhcy ar£ ^ 
20 rebeve Parfc.nson-.sn,, diiare pupiis, increase .he hear, ra,e. coun,erac, ,oxic 
agents, and reduce secretions such as sweat. Scopoiamine produces fewer 
undes.rabie side effects than hyoscyamine and is ,he preferred substance for 
treatment of motion sickness and production of derivative drugs for gastric 
d,sor ers. Therefore, there has been a iong-standing intones, in railg ,he 

25 scopolamine level of producing plants n™,,™ ■ 

6 Plants - Da,ura lnn °xia a medicinal plant grown in 

a*a,o,d, The b,syn,hes,s of these avoids invoives severa, oxygen-rearing 
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7.1. Experimental Protocol 
Recombinant DNA techniques, Transcription analysis and Western 
•mmunoblot analysis were performed as above for tobacco. The same 
transformation vector which was used for tobacco was also used for Darura 
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Plant material 

Plants of Datura innoxia Mill were exposed to 16 h light at 24°C and were kept in 
sterile jars on basal medium (BM) containing Murashige and Skoog's macro salts, 
and Nitsch and Nitsch micro salts and vitamins (Sangwan er al y 1991, Plant Cell 
5 Rep. 10:90-93). The plants were transformed by Agrohacterium-mtd'med gene 
transfer using the leaf disc method as described by Sangwan er aL (1991). 
Transformants of the F 0 generation were used in this experiment. 
Alkaloid analysis 

Transgenic Datura and wild-type plants were analyzed for their scopolamine and 
10 hyoscyamine levels. The plants were grown in soil until they were budding, then 
the leaves were harvested and dried. The scopolamine and hyoscyamine levels 
were determined using HPLC as described by Cornier et aL, 1994, Agro-Food- 
Ind. Hi-Tech 5, 26-28. 

15 7.2. Results 

Several transgenic plants were positive for the VHb gene as determined by 
PCR of genomic DNA. Poly A + mRNA was isolated from plant leaves of six 
PCR-positive transgenic plants and two wild-type plants. All six transgenes 
exhibited a full-length VHb transcript. Preliminary results showed that the Datura 

20 plants transformed with the VHb expression construct also exhibited increased 
growth rates as compared to the wild-lype plants. 

Extracts from the six transgenic and two wild-type Datura plants were 
analyzed for scopolamine and hyoscyamine content by HPLC. Results are 
presented in the following table. 



25 



W0 98/129J3 



10 



15 



24 

TABrr i 

Production of 
Scopolamine 
mg/lOOg D.W. 
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Production of 
Hyoscyamine 
mg/100 g D.W. 
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7-3. Discussion 

v Hb g rr y i;:~ r °; ~ £ — • — . 

expression of oxygen-binding proteins in who!, , * 
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In order to create a library of randomly mutated VHh, 
construe., pINTl which carries the VHb . ™ 
1989. ^ , Xhe VHh hC VHb Ee " C 35 a <Khosia and Baitey, 

it a" z rirr 35 a ,empiate — * — « 

— . end of the ^ " ' " " *" — 

30 correspond to , he wiid-type amino Tdd 6 **" """" 

«•* an estimated error rate of "* «=" 
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8.1. Experimental Protocol 

PCR 

Low fidelity PCR was performed with 1 mM dCTP, dGTP and dTTP, 0.2 
mM dATP, 0.45 mM of each primer, 0.1 ng template, 1% 1 M mercaptoethanol, 

5 10% DMSO, 0.5 mM MnCl 2 and 10 U Taq DNA polymerase. A temperature 
profile was employed of 2 min. at 95 °C, hold at 70°C while the Taq DNA 
polymerase was added, 30 cycles of 15 sec. at 92 °C, 30 sec. at 50°C, 1 min. at 
72°C and an additional 5 cycles of 15 sec. at 92°C, 5 min. at 72°C. The 
amplified PCR fragments were inserted into pUC19 which was subsequently 

10 transformed into E colL Sequencing of the mutated genes was performed on an 
automatic sequencer with the terminator chemistry. 
Screening the library for colonies carrying mutated VHb 

The plasmid library was transformed into E. coil. TGI and selected on LB 
agar (Sambrook et aL) by visually assessing the color of the colonies. Expression 

15 of wild- type VHb results in a red colored colony. The red color phenotype is 

indicative of a VHb protein capable of binding oxygenated heme. Approximately 
10,000 colonies were identified ranging in color from white to deep red. 
Western immunohlot analysis 

Overnight cultures were pelleted, resuspended in a sodium phosphate buffer 

20 (50 mM, pH 7.0) and sonicated to obtain protein extracts. The proteins were 

separated on 15% SDS-PAGE gels and blotted onto Immobilon P nylon membranes 
supplied by Millipore. The electrophoresis and blotting were performed as 
described by Laemmli (1970) and Sambrook ei aL (1989), respectively. The VHb 
mutants were detected by VHb antiserum generated in rabbit, and visualized by 

25 peroxidase conjugated swine anti-rabbit immunoglobulins (Dako). 

8.2. Results 

Randomly picked colonies, which exhibited the correct size VHb (15.7 
kDa) according to Western blot, were sequenced. The following altered VHb 
30 amino acid sequences were identified. 
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TABLE II. 

a^breo vhb m^^rwar^ pcr m UTAGENE s IS 
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H 



Lys' M Glu, Phe' 33 L fi „ H e ' 3 <Thr 



_GV'A S p t Val'^Glu. Ala ,3a Thr 



Leu^Ser, Val"Ala, Tyr"»His 
^Gh^Lys'^Glu, Ly S »<Stoo 



8-3. Discussion 
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K . L . 3 select, °n and generation of any altered 

hemoglobin molecule through mutaeen^ic f.u 

selection for h u ° f the codin S sequence, followed by 

selection for clones which encode heme rnm a ,n;„ 
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CQNSTR 1 1CT 

This example illustrates the tranter™.,, r • 
. . . r ine tra nsformation of nee using particle 

bombardment with a polynucleotide th„ a- P*™cie 

polynucleotide that directs the expression of Vitreoscilla 
hemoglobin in plant cells. vureoscilla 

9. 1 Experimental Protocol 

Plasmid constructing 

PJFK2 was constructed as a derivative nf nitr- ,u . 
a , derivative of pUC that conta ns the vhb eene 

under the regulation of the CaMV „™ g 

«~aMV 35S promoter and a nos polyadenylation 
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sequence. Additionally, the stop codon of the vhb gene was altered using PCR 
mediated mutagenesis from TAA to TGA (a more frequently used stop codon in 
plants). For the selection of transgenic rice tissue, the aphlV gene from E.coli 
which confers resistance to Hygromycin was included in the transformation 
5 construct. This marker gene was under the control of the CaMV 35S promoter 
and the CaMV polyadenylation sequence. A map of pJFK is shown in Figure 6. 
The pJFK2 plasmid was digested with I-Scel, and the larger fragment 
. containing vhb gene and hygromycin resistance gene (and lacking the ampicillin 
resistance gene) was isolated for use in posterior bombardment of plant embryos. 
10 Rice transformation 

Immature Oryza sativa embryos of the Japonica variety Taipei 309 were 
aseptically isolated 10-14 days after pollination from green-house-plants and plated 
scutulum site up on solid MS medium (Murashige and Skoog, 1962) containing 3% 
sucrose, 2 mg l" 1 2,4-D and 50 mg l* 1 cefotaxime (MSI). After 4-6 days (28°C, 
15 darkness) embryos were transferred to solid MS medium containing 10% sucrose, 
2 mg P 1 2,4-D and 50 mg l' 1 cefotaxime (MS2) and subjected within 1 hour to 
microprojectile bombardment with a particle inflow gun. The DNA fragment 
containing vhb and aph IV genes (5jxg) was precipitated on 1-3 /im gold particles 
(Aldrich) as described by Vain et ah, 1993, Plant Cell Rep, 12:84-88. Gold 
20 particles (400 fig per bombardment) were accelerated to the target with a particle 
inflow gun (Finer et aL, 1992, Plant Cell Rep. 11:323-328) at a pressure of 6 bar. 
Embryos were placed 16 cm below the syringe filter. Twenty-four hours post- 
bombardment embryos were subjected to selection on a solid selection media (MSI 
medium containing 20 mg l" 1 hygromycin B) and incubated at 28 P C in the dark. 
25 After 1 week embryos were transferred to a liquid selection media, R2 

medium (Ohira et al., 1973, Plant Cell Physiol. 14:113-121) supplemented with: 
3% sucrose, 1 mg l* 1 thiamine, 1 mg l* 1 2,4-D, 50 mg l* 1 cefotaxime and 20 mg r 1 
hygromycin B. The embryos were incubated with shaking at 28°C in the dark and 
subcultured weekly. Developing calli were isolated 3 to 6 weeks later, and 
30 transferred to a callus increasing media (R2 medium supplemented with: 6% 

sucrose, MS vitamins, 100 mg l' 1 inositol, 2 mg l" 1 2,4-D, 50 mg l l cefotaxime and 
20 mg I* 1 hygromycin B). The calli were incubated in this media at 28°C in the 
dark and subcultured weekly. 
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Resistant calli were transferred to solid R2 regeneration m h- 
supplemented with 2% sucrose, 3% sorbitol 20 m t „ " 
zeatin, 0.5 mg J-' i AA M< , . ' ° m£ 1 "^"^in B, 1 mg 1' of 

gI ,AA ' MS vtamms and 0.65% agarose Th- „ • 
maintained at 28°C with 17 h <• ,• u 6 CaIlus tissue w « 

cm. T ney „ ere tra „ sfemd to ZZZLZ 3 ,S " E,h ° f 2 ' 3 

cuUivaUon, p,an te s were .referred direj ,o h V h 

Pallets we,e grown i„ 7 , iter , , ^""onse and pJanted in so,!. 

■0 p,am s per pol , Uy: 2 h ^ 3 

<"., iyyt), Bio/Technology 14:171-176) 
9.2 Re Su i ts 

-*«. «pres S th e * ^HT, ^ f""" ~ ""' "» '™ f °"- 

d— . Various publ!cations are c . Kd J° & » «" h " h * -Pe of .he appended 
incorpor ate d by reference in its «* * * **»»- <* ■** is 
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WHAT IS CLAIMED IS : 

1. A plant which has been genetically engineered by transformation 
with a polynucleotide encoding a globin protein, 

5 2. The plant of claim I, wherein the globin protein is selected from the 

group consisting of Vitreoscilla hemoglobin, horse heart myoglobin, E. coli 
hemoprotein, B. subtilis hemoprotein, yeast flavohemoglobin, soybean 
leghemoglobin, lupin leghemoglobin, and sperm whale myoglobin, or their 
functional equivalents. 

10 

3. The plant of claim 1 or 2, wherein the polynucleotide encoding the 
globin protein is operably linked to a plant promoter. 

4. The plant of claim 3, wherein the plant promoter is a strong, 
15 constitutively expressed plant promoter. 

5. The plant of claim 4, wherein said strong, constitutively expressed 
plant promoter is a CaMV 35S promoter. 

20 6. The plant of claim 3, wherein the plant promoter is a tissue specific 

plant promoter. 

7. The plant of any one of claims 1-6, wherein the polynucleotide is 
introduced into a plant cell via microprojectile bombardment, 

25 

8. The plant of any one of claims 1-6, wherein the polynucleotide is 
introduced into a plant cell on a Ti plasmid. 

9. The plant of any one of claims 1-8, wherein the plant is a 
30 dicotyledon. 

10. The plant of claim 9, wherein the plant is from the genus Nicotiana. 
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11. The plant of claim 1 0, wherein the plant is Nicotiana rabaccum. 



12. The plant of claim 9, wherein the plant is from the 



genus Datura. 



13. The plant of any one of claims 1-8, wherein the plant is a 
monocotyledon. 



14. The plant of claim 13, wherein the plant is from the genus Oryza. 

10 15. A method of producing a plant with an improved agronomic or 

medicinal characteristic comprising transforming the plant with a polynucleotide 
encoding a globin protein, wherein the transformed plant exhibits an increased rate 
of growth, an increase in vegetative yield of the mature plant, an increased rate of 
germmaaon. and/or an increased chlorophyll content, relative to a non-transformed 

15 plant. 

16. The method of claim 15, wherein the globin protein is selected from 
the group consisting of Vitreoscilla hemoglobin, horse heart myoglobin J^coJi 
hemoprotein, JL.subtilis hemoprotein, yeast flavohemoglobin, soybean 

20 leghemoglobin, lupin leghemoglobin, and sperm whale myoglobin, or their 
functional equivalents. 

17. The method of claim 15 or 16, wherein the polynucleotide encoding 
the globin protein is operably linked to a plant promoter 

25 

18. The method of claim 17, wherein the plant promoter is a strong 
constitutively expressed plant promoter. 

19. The method of claim 18, wherein the strong, constitutively expressed 
30 plant promoter is a CaMV 35S promoter. 

20. The method of claim 17, wherein the plant promoter is a tissue 
specific plant promoter. 
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21. The method of any one of claims 15-20, wherein the polynucleotide 
is introduced into a plant cell via microprojectile bombardment. 

22. The method of any one of claims 15-20, wherein the polynucleotide 
5 is transformed into a plant cell on a Ti plasmid. 

23. The method of any one of claims 15-22, wherein the plant is a 
dicotyledon. 

10 24. The method of claim 23, wherein the plant is from the genus 



Nicotiana. 



25. The method of claim 24, wherein the plant is Nicoriana labaccum. 



15 



26. The method of claim 25, wherein the plant further exhibits an 
elevated level of nicotine. 



27. The method of claim 23, wherein the plant is from the genus 



Datura. 



20 



28. The method of claim 27, wherein the plant further exhibits an 
elevated level of scopolamine and/or hyoscyamine. 



. 29. The method of claim 17-22, wherein the plant is a monocotyledon. 



25 



30. The plant of claim 29, wherein the plant is from the genus Oryza. 



31. A plant produced by the method of claim 17. 



30 



32. A method of altering the distribution of secondary metabolites in a 
plant, comprising transforming a target plant or target plant cell with a 
polynucleotide encoding a globin protein operably linked to a plant promoter. 



10 



15 



20 



WO 98/12913^^ 

£k PCT/US97/17246 

32 ™ 

33. The method of claim 32, wherein the plant is from the genus 
Nicotiana and the distribution of nicotine is altered relative to anabasine. 

34. The method of claim 32, wherein the plant is from the genus Datura 
5 and the distribution of scopolamine and/or hyoscyamine is altered. 

35. A mutant Vitreoscilla hemoglobin protein, wherein the mutant 
Vitreoscilla hemoglobin protein differs from the wild type Vitreoscilla hemoglobin 



proretn by „av,„ g an amino acid substitution selected from ,he g roup C o„si s ,i„ g „ f: 
11= Thr; H,s»Arg; Ly S ™As„; Phe'Tyr. G,n»Ar g; Lys"<Glu. P he»Leu, Ile'-Thr 
Gly'-Asp, Vai-Gtu, Ala'Thr; Lender, Val»A!a, Tyr-His; and Lys-Chs ' 
Lys""Glu, Lys""Stop. 

36. The mutant Vimoscilla hemoglobin protein of Claim 35 which 
further comprises an amino-terminal amino acid extension having ,he sequence 
MetThrMetlleThrProSerPhe. 

37. A polynucleotide that encodes the mutant Vitreoscilla hemoglobin 
protein of Claim 35 or 36. 



38. 



A host cell that contains the polynucleotide of Claim 37. 



39. The host cell of Claim 38, wherein the host cell is selected from the 
group consisting of a plant cell, a bacterial cel., an animal cell, a funga, cell and 

25 an algae cell. 

40. a method of generating a polynucleotide encoding mutant 
Vitreoscilla hemoglobin protein comprising: 

amplifying a polynucleotide that encodes Vitreoscilla hemoglobin protein 
30 using a low fidelity polymerase chain reaction; 

transforming the amplified polynucleotides into bacteria; and 
selecting bacteria that contain a polynucleotide sequence encoding a mutant 
Vureoscdla hemoglobin protein. 
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4L The method of Claim 40, wherein said selecting step comprises 
assaying the color of the bacterial cells. 

42. A polynucleotide that encodes a mutant Vitreoscilla hemoglobin 
5 protein isolated by the method of Claim 40 or Claim 41. • 

43. A mutant Vitreoscilla hemoglobin protein encoded by the 
polynucleotide of Claim 42. 



( 
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